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Abstract

ErbB3 and ErbB4 are receptor tyrosine kinases that are activated by the neuregulin (NRG) family 

of growth factors. These receptors govern various developmental processes, and their 

dysregulation contributes to several human disease states. The abundance of ErbB3 and ErbB4, 

and thus signaling through these receptors, is limited by the E3 ubiquitin ligase Nrdp1, which 

targets ErbB3 and ErbB4 for degradation. Reticulons are proteins that influence the morphology of 

the endoplasmic reticulum (ER) by promoting the formation of tubules, a response of cells to some 

stressors. We found that the ER structural protein reticulon 4A (Rtn4A, also known as Nogo-A) 

increased ErbB3 abundance and proliferative signaling by suppressing Nrdp1 function. Rtn4A 

interacted with Nrdp1 and stabilized ErbB3 in an Nrdp1-dependent manner. Rtn4A overexpression 

induced the redistribution of Nrdp1 from a cytosolic or perinuclear localization to ER tubules. 

Rtn4A knockdown in human breast tumor cells decreased ErbB3 abundance, NRG-stimulated 

signaling, and cellular proliferation and migration. Because proteins destined for the plasma 

membrane are primarily synthesized in the sheet portions of the ER, our observations suggest that 

Rtn4A counteracts the Nrdp1-mediated degradation of ErbB3 by sequestering the ubiquitin ligase 

into ER tubules. The involvement of a reticulon suggests a molecular link between ER structure 

and the sensitivity of cells to receptor tyrosine kinase–mediated survival signals at the cell surface.

INTRODUCTION

Growth factor–induced signaling by receptor tyrosine kinases (RTKs) must be precisely 

regulated to ensure the fidelity of tissue developmental and homeostatic processes. 

Insufficient receptor stimulation will lead to breakdowns in tissue morphogenesis or 

maintenance, whereas excessive stimulation can elicit hyperplastic events associated with 

cancer or other diseases. A primary factor governing signaling intensity within target cells is 

the concentration of ligand available for receptor stimulation, acting in conjunction with 

positive and negative signaling feedback loops in the target cell that fine-tune the cellular 
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response (1). The quantity of growth factor receptors present at the cell surface can also 

markedly influence signaling efficiency (2, 3) and may play a pronounced role in growth 

factor receptor signaling systems where substantial variations in effective ligand 

concentrations are limited.

The RTKs ErbB3 and ErbB4 are stimulated upon binding of neuregulin family growth factor 

ligands (NRG1, NRG2, NRG3, and NRG4) and regulate the development and homeostatic 

maintenance of various tissues. In cardiac tissue, NRG signaling through ErbB receptors 

contributes to cardiac conduction system development, angiogenic support of 

cardiomyocytes, and cardioprotection after injury (4), and likely functions to mediate 

adaptations of the heart to physiological and pathological stresses (5). In the nervous system, 

ErbB signaling regulates the assembly of neural circuitry, myelination, neurotransmission, 

and synaptic plasticity, and the genes encoding NRGs and their receptors have been 

genetically associated with schizophrenia and bipolar disorder (6). ErbB signaling also plays 

prominent roles in the development and differentiation of epithelial structures such as the 

mammary gland (7) and lung alveoli (8), and aberrant ErbB activation can lead to carcinoma 

progression and therapeutic resistance (9, 10).

Protein degradation mechanisms can determine NRG receptor signaling efficiency by 

dictating the quantities of receptors present at the cell surface (3). NRG receptor degradation 

protein-1 (Nrdp1) is a RING finger–type E3 ubiquitin ligase that mediates the ubiquitination 

and degradation of ErbB3 and ErbB4 but not the related receptors ErbB1 [also called 

epidermal growth factor receptor (EGFR)] and ErbB2 (11,12). We previously demonstrated 

that Nrdp1 decreases ErbB3 protein abundance and growth signaling in cells by 

ubiquitinating newly synthesized receptors at the endoplasmic reticulum (ER), eliciting the 

proteasomal degradation of ErbB3 through a mechanism involving components of the ER-

associated degradation (ERAD) pathway (13). Such a mechanism likely keeps receptor 

signaling in check by reducing trafficking of ErbB3 to the cell surface, where it could be 

inappropriately activated by extracellular matrix–associated NRGs that are constitutively 

present.

Reticulon 4A (Rtn4A, also known as Nogo-A) inhibits axonal regeneration in the central 

nervous system (14). Present on the surface of oligodendrocytes, Rtn4A can interact with 

several receptors on the axonal growth cone (15, 16) to elicit actin depolymerization and 

growth cone collapse (17). However, as a member of the reticulon family of proteins, Rtn4A 

has also been characterized as a key structural protein of ER tubules (18).

The peripheral ER, which is that part of the ER membrane system not including the nuclear 

envelope, exists primarily in two structural states in mammals: perinuclear sheets and 

cytosolic tubules (19–22). ER sheets are enriched in polysomes and associated translocons 

(23, 24); this structure likely corresponds to the classically described rough ER as the site of 

synthesis of secreted and transmembrane proteins. ER tubules likely correspond to the 

smooth ER, with roles in calcium storage, lipid synthesis, and contact with other organelles 

(21, 25). Homo-oligomers and hetero-oligomers of reticulon family proteins induce the 

membrane curvature critical for the formation of tubules, as well as the tightly curved edges 

of ER sheets (24, 26, 27). The quantity and distribution of reticulon proteins within a cell are 
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therefore thought to be a key determinant in the partitioning of the ER into sheet and tubule 

compartments (27).

Alterations in ER stress and Rtn4A abundance have been linked to disease states. For 

example, Rtn4A expression is increased in a mouse model of heart failure (28), and Rtn4A 

protein abundance is coordinately increased with ER stress proteins such as GRP78, XBP1, 

and ATF6 in cardiac tissue from patients with dilated and ischemic cardiomyopathies (29). 

Moreover, the abundance of Rtn4A increases in response to ER and cellular stresses such as 

ischemia and percussive injury in neural tissues in model organisms (30). Collectively, these 

observations raise the possibility that disease-provoked cellular stress states could increase 

Rtn4A abundance to remodel the ER as a means of ameliorating stress-induced cytotoxicity.

Here, we demonstrate that Rtn4A increased cellular ErbB3 abundance and NRG-induced 

growth signaling by suppressing the function of the E3 ligase Nrdp1, thus integrating growth 

factor signaling with ER structure, dynamics, and stress response. Our observations raise the 

possibility that ER stressors, or other factors that promote the redistribution of ER 

membranes from sheets to tubules, can augment cellular survival signaling by increasing 

growth factor receptor abundance and signaling.

RESULTS

The core reticulon domain of Rtn4A interacts with the receptor-binding domain of Nrdp1

We (31) and others (32) have previously demonstrated that Rtn4A physically interacts with 

Nrdp1 by glutathione S-transferase pulldown and yeast two-hybrid experiments. After 

confirming the Rtn4A–Nrdp1 interaction by coimmunoprecipitating overexpressed proteins 

from human embryonic kidney (HEK) 293T cells (fig. S1), the domains responsible for 

interaction were mapped by deletion mutagenesis. The four members of the mammalian 

reticulon family are defined by the presence of a C-terminal core reticulon domain that 

contains two hairpin transmembrane sequences (Fig. 1A). Expression of the Rtn4 gene 

yields at least three splice variants that encode proteins of different lengths, with the A 

isoform being the longest. We coexpressed Rtn4A, Rtn4B, or the core reticulon domain of 

Rtn4 fused to green fluorescent protein (GFP-RtnHD) with FLAG-tagged Nrdp1 in 

HEK293T cells. Each Rtn4 protein coimmunoprecipitated with Nrdp1-FLAG from cell 

lysates, indicating that the core reticulon domain is sufficient for mediating interaction with 

Nrdp1 (Fig. 1B). However, the related protein Rtn1 did not coprecipitate with Nrdp1-FLAG, 

indicating that elements unique to the reticulon domain of Rtn4 are required for interaction 

with Nrdp1. Use of constructs containing individual portions of the core reticulon domain 

(fig. S2A) revealed a weak interaction between Nrdp1-FLAG and the second transmembrane 

hairpin of Rtn4A (fig. S2B). Because this region is highly similar to the analogous region in 

Rtn1, it is likely not sufficient to confer specificity to the interaction between Nrdp1 and 

Rtn4A. The first transmembrane hairpin and the N- and C-terminal cytoplasmic portions of 

the reticulon domain of Rtn4 did not interact with Nrdp1 (fig. S2B). Constructs containing 

the loop portion of the Rtn4 reticulon domain formed aggregates that limited its availability 

in coimmunoprecipitation (co-IP) experiments; thus, we were unable to determine whether 

this region contributes to the Nrdp1-Rtn4A interaction.
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Nrdp1 is a member of the RING, B-box, coiled-coil (RBCC) or tripartite motif (TRIM) 

family of E3 ubiquitin ligases (33, 34). These proteins are characterized by an N-terminal 

RING finger domain responsible for engaging E2 ubiquitin–conjugating enzymes, followed 

by a B-box of undetermined function, and a coiled-coil domain, which, in the case of Nrdp1, 

is necessary and sufficient for self-association into trimers (35). The C-terminal regions of 

RBCC proteins vary markedly and usually mediate binding to the substrate. The C-terminal 

domain of Nrdp1 is responsible for binding its substrate ErbB3 (12, 36), as well as the 

deubiquitinase USP8 (31, 37). To determine the domain of Nrdp1 that interacts with Rtn4, 

we coexpressed Rtn4A with each of several FLAG-tagged Nrdp1 deletion constructs (Fig. 

1C) in HEK293T cells. Rtn4A coimmunoprecipitated with Nrdp1-FLAG deletion constructs 

containing the receptor-binding domain but did not coimmunoprecipitate with a deletion 

mutant lacking this domain (N-Nrdp1–FLAG) (Fig. 1D), demonstrating that the receptor-

binding domain of Nrdp1 was necessary and sufficient for Rtn4A association.

Rtn4A suppresses the ability of Nrdp1 to mediate ErbB3 degradation

The interaction of Rtn4A with the receptor-binding domain of Nrdp1 suggested that Rtn4A 

could be a target for Nrdp1-mediated degradation. To test this notion, we compared the 

ability of Nrdp1 to decrease the abundance of ErbB3 and Rtn4A proteins in cotransfected 

HEK293T cells. Although Nrdp1 expression significantly and reproducibly reduced the 

abundance of ErbB3, it did not alter Rtn4A protein abundance (fig. S3, A and B). Likewise, 

we observed that knockdown of endogenous Nrdp1 in HEK293T cells with a previously 

described short hairpin RNA (shRNA) construct (13, 38), as confirmed by quantitative real-

time polymerase chain reaction (qRT-PCR) (fig. S3C), markedly increased ErbB3 protein 

abundance but did not increase the abundance of Rtn4A (fig. S3, D and E). Together, these 

observations strongly suggest that Nrdp1 did not target Rtn4A for degradation, raising the 

alternative possibility that Rtn4A modulates Nrdp1 activity toward its substrates.

We assessed the effect of Rtn4A on the stability of ErbB3 and related receptors in HEK293T 

cells. We observed that expression of Rtn4A reproducibly increased the abundance of ErbB3 

and ErbB4 but did not affect the abundance of EGFR or ErbB2 (Fig. 2, A and B), paralleling 

the specificity of Nrdp1 toward the NRG-binding receptors (12). Further, Rtn4A–mediated 

stabilization of ErbB3 was attenuated in the presence of an shRNA targeting Nrdp1 (Fig. 2, 

C and D), and Rtn4A expression reproducibly interfered with the efficiency of Nrdp1-

mediated ErbB3 suppression (Fig. 2, E and F). Because expression of DP1, a tubule-

inducing protein structurally distinct from the reticulon family (18), did not stabilize ErbB3 

(Fig. 2, E and F), and because Rtn4A stabilized only members of the ErbB family that are 

Nrdp1 substrates, these results suggest that the effects of Rtn4A on ErbB3 and ErbB4 do not 

result from general alterations in ER structure.

Unexpectedly, Rtn4A also consistently stabilized the forms of Nrdp1 to which it bound (Fig. 

2E and fig. S4, A to D), suggesting that Rtn4A simultaneously stabilized Nrdp1 protein yet 

decreased Nrdp1 function, thereby allowing ErbB3 protein accumulation. Rtn4A did not 

coimmunoprecipitate with ErbB3 alone and was not found in precipitates of the ErbB3-

Nrdp1 complex (Fig. 2G), supporting a mechanism whereby Nrdp1 interacts with ErbB3 or 

Rtn4A, but not with both simultaneously. In this model, the ability of Rtn4A–bound Nrdp1 
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to promote degradation of itself or its substrate ErbB3 is reduced, resulting in stabilization of 

both Nrdp1 and ErbB3.

To assess the effects of Rtn4A on ErbB3 and Nrdp1 abundance in an endogenous setting, we 

used small interfering RNAs (siRNAs) that targeted the unique region of the Rtn4A isoform 

(Fig. 1A) to knock down Rtn4A in two distinct cell types. In MCF7 and MCF10AT breast 

cancer cells, Rtn4A knockdown (fig. S4E) did not overtly disrupt ER morphology (fig. S5), 

likely because of redundancy in ER structural proteins, yet decreased both ErbB3 and Nrdp1 

abundance (Fig. 3, A and B). These results indicate that Rtn4A is required to suppress Nrdp1 

function for efficient ErbB3 production in both breast cancer cell lines. C2C12 myotubes 

differentiate from myoblasts over the course of several days. During this time, the abundance 

of Rtn4A, Nrdp1, and ErbB3 increased substantially (Fig. 3, C and D), despite no change in 

Nrdp1 transcript abundance and only a modest increase in ErbB3 transcripts (Fig. 3E). 

Posttranslational mechanisms therefore make major contributions to the increases in protein 

abundance to generate substantial and simultaneous increases in both ErbB3 and its negative 

regulator, Nrdp1. In myotubes differentiated for 4 days, siRNA-mediated Rtn4A knockdown 

(fig. S4F) reproducibly decreased Nrdp1 and ErbB3 abundance (Fig. 3, F and G) without 

visibly impairing cellular differentiation. Overall, the results in Figs. 2 and 3 point to a 

mechanism whereby the Rtn4A–Nrdp1 interaction suppresses Nrdp1 action toward ErbB3 

and that occurs in breast cancer cells and during myotube differentiation.

Rtn4A regulates Nrdp1 localization and function at the ER

We have previously demonstrated that Nrdp1 controls cellular ErbB3 quantities by 

ubiquitinating newly synthesized ErbB3 in the ER to elicit its proteasomal degradation (13). 

Because Rtn4A is also localized to the ER, we asked whether Rtn4A–mediated ErbB3 

stabilization occurs at the ER. To test this possibility, transfected HEK293T cells were 

treated with brefeldin A (BFA), an antibiotic that inhibits trafficking from the ER to Golgi 

(Fig. 4A). As we previously reported, BFA treatment promoted the accumulation of a 

rapidly migrating, ER-associated immature 170-kDa form of ErbB3 and the loss of the 

mature 190-kDa form of ErbB3 over time. Notably, Rtn4A–mediated stabilization of ER-

localized ErbB3 persisted upon BFA treatment (Fig. 4A), indicating that Rtn4A affects the 

receptor before its trafficking to the Golgi apparatus. To demonstrate posttranslational 

stabilization of ER-localized ErbB3 protein, we measured the effect of Rtn4A on the half-

life of immature ErbB3 in transfected HEK293T cells. After metabolic labeling of newly 

synthesized proteins with a pulse of 35S-labeled cysteine and methionine, cells were chased 

with nonradioactive amino acids in the presence of BFA to trap receptors in the ER. We 

observed that the presence of Rtn4A prolonged the half-life of the immature 170-kDa 

species from 2.75 to 5 hours (Fig. 4, B and C), confirming that Rtn4A affected ErbB3 

stability in the ER.

The paradoxical observation that Rtn4A stabilizes both Nrdp1 and its substrate ErbB3 raises 

the possibility that Rtn4A acts by sequestering Nrdp1 away from the ubiquitination 

machinery at its typical site of action. Because Rtn4A favors the formation of ER tubules 

rather than the ER sheets where most protein translation and trafficking occur (18, 23), we 

hypothesized that Rtn4A sequesters Nrdp1 in ER tubules where it cannot act on its 
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substrates or itself be degraded. To test this, we examined the impact of Rtn4A expression 

on the localization of Nrdp1 in transiently co-transfected COS7 cells by confocal 

fluorescence microscopy (Fig. 5). The large size and flattened morphology of these cells 

make them useful for visualizing the ER network (18, 24). To facilitate visualization of 

Nrdp1, we used a FLAG-tagged form of a double-point mutant of the RING finger domain 

[Nrdp1(CHSQ)-FLAG] that is inherently stable (11, 31). Nrdp1(CHSQ)-FLAG was present 

throughout the cytoplasm, with increased concentrations along the plasma membrane and in 

perinuclear areas. This distribution was unaffected by coexpression with GFP-DP1 (18), 

suggesting that induction of ER tubules was not sufficient to change the subcellular 

distribution Nrdp1(CHSQ). However, Nrdp1(CHSQ)-FLAG localization shifted markedly to 

colocalize with ER tubules, marked by either cyan fluorescent protein (CFP)–Rtn4A or 

GFP-DP1, upon Rtn4A expression. This redistribution suggests that Rtn4A sequesters 

Nrdp1 into ER tubules, where it cannot act on ErbB3 and is resistant to degradation.

Rtn4A promotes breast cancer cell proliferation and migration

Finally, we sought to determine the functional consequences of Rtn4A depletion in breast 

cancer cell lines. Because ErbB family members transduce signals primarily through the 

Ras-Erk (extracellular signal– regulated kinase) mitogen-activated protein kinase (MAPK) 

and phosphatidylinositol 3-kinase (PI3K)–Akt pathways, we assessed the phosphorylation 

state of components of these pathways. In both MCF7 and MCF10AT cells, knockdown of 

Rtn4A led to a reduction in tyrosine-phosphorylated proteins in the size range of ErbB 

family RTKs and in phosphorylated Akt after stimulation with the ErbB3-binding growth 

factor NRG1β (Fig. 6, A and B). Rtn4A knockdown caused a reduction in phosphorylated 

Erk only in MCF7 cells (Fig. 6A), likely because Erk is constitutively activated in 

MCF10AT cells because they were transformed with H-ras (39). In addition, knockdown of 

Rtn4A slowed the proliferation of MCF7 and MCF10AT cultured in standard growth 

medium over 5 days (Fig. 6C), and in response to NRG1β for 24 hours (Fig. 6D). In a 

Transwell assay, MCF7 and MCF10AT cell migration toward medium containing fetal 

bovine serum (FBS) also decreased upon Rtn4A depletion (Fig. 6E). These observations 

indicate that Rtn4A substantially augments NRG-induced signaling and cellular growth and 

migratory properties.

DISCUSSION

Here, our observations build upon our previous studies indicating that Nrdp1 acts on ErbB3 

at the ER to elicit the proteasome-dependent degradation of signaling-competent ErbB3 

receptors (13). We propose a model whereby Nrdp1 is localized mainly to rough ER sheets 

under normal cellular circumstances and mediates efficient ErbB3 degradation to prevent 

excessive or unnecessary signaling (Fig. 7B). In response to acute cellular stress, conditions 

under which strong survival signals may be needed as part of an adaptive program, cells 

increase the abundance of Rtn4A, causing Nrdp1 to be redistributed to ER tubules and away 

from sheet-localized ubiquitination machinery and ERAD components. Nrdp1 sequestration 

in ER tubules therefore results in the stabilization of both itself and ErbB3 (Fig. 7A). 

Stabilized ErbB3 is subsequently trafficked from the ER to the cell surface, where it can 

bind NRG and engage cellular growth and survival pathways. Because Nrdp1 acts similarly 
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toward ErbB4 (12), we presume that Nrdp1-dependent, Rtn4A–mediated receptor 

stabilization is a feature of NRG signaling in cell and tissue types with this receptor as well. 

Whether Nrdp1 might harbor an independent function at ER tubules remains to be 

investigated.

Precedence for Rtn4A–induced changes in the subcellular localization of organelle-

associated proteins has been previously established. Perhaps the most notable example is the 

Rtn4A–induced clustering of the ER-localized chaperone protein disulfide isomerase in 

transfected COS7 cells and in murine spinal motor neurons (40). In this regard, it is 

interesting that Rtn4 knockout exacerbates disease in a transgenic overexpression model of 

amyotrophic lateral sclerosis, a neurodegenerative disease that is linked to ER stress, 

underscoring a role for this reticulon in ameliorating a cellular stress–related disease state. In 

addition, Rtn4 has been reported to sequester Bcl-2 and Bcl-XL from mitochondria to the 

ER to suppress apoptosis (41).

A key question that arises from our studies concerns the reasons why it might be 

advantageous for cells to regulate growth factor receptor signaling capacity at the ER. We 

envision two possibilities. First, regulation of RTK abundance by degradation at the ER 

allows cells to rapidly toggle on and off growth and survival signals from ligands that are 

constitutively present. Many trophic growth factors, including NRG1, are deposited in the 

extracellular matrix by producer cells and are thus constantly available to cells (42–44). In 

such a scenario, the most efficient means of preventing excess or unnecessary signaling is to 

ensure that receptors never reach the cell surface. By extinguishing ER-localized degradative 

mechanisms that keep RTK accumulation in check, cells can rapidly adapt to changing 

environmental conditions by giving themselves access to the immediately available growth 

factors.

Second, the existence of ER-based mechanisms that regulate RTK signaling allows cells to 

engage growth factor signaling pathways in response to ER stressors, perhaps to help 

promote cell survival in the face of deleterious conditions. ER stress may be brought about 

by various factors that compromise the proper folding of proteins in the ER, including 

nutrient deprivation, hypoxia, and loss of calcium homeostasis (45). In this regard, the ER 

integrates cellular responses to adverse conditions. As a first response to stress, the ER turns 

on the unfolded protein response (UPR) pathway to realign protein folding capacity with 

demand so that the cell can continue to survive and function. The engagement of growth 

factor signaling in conjunction with the UPR could assist in promoting survival as the cell 

attempts to restore homeostasis. It has been observed that ER stress pathways are engaged in 

many tumor types and likely contribute to aggressiveness and therapeutic resistance (46). 

Here, our observations suggest that ER-mediated stabilization of ErbB3 in breast cancer 

cells may facilitate the contribution of this receptor to breast cancer (9, 10, 38).

Several possible roles for increased ErbB3 abundance in myotubes have been described. In 

early muscle development, ErbB3 on muscle progenitor cells may prevent muscle 

differentiation by responding to NRG1 secreted by neural crest cells (47). NRG1 strongly 

induces transcription of acetylcholine receptor (AChR) subunits in cultured muscle cells (48, 

49), leading to the hypothesis that NRG1 secreted by motoneurons primes the formation of 
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neuromuscular junctions (NMJs) (50) by signaling through ErbB receptors (51, 52). 

However, the necessity of myotube-based ErbB signaling for NMJ formation in vivo has 

been challenged. NMJ function and AChR mRNA are only modestly reduced in mice that 

conditionally lack ErbB2 and ErbB4 in skeletal muscle and thus only have signaling-

incompetent ErbB3 as the sole receptor for NRG1 in this tissue. These results suggest that 

NRG1 signaling in skeletal muscle cells is dispensable for normal NMJ development and 

function but does not resolve the role of ErbB receptors in myotubes (53). ErbB receptors 

and NRG1 likely have a more subtle role in the maintenance than in the formation of NJMs, 

perhaps through posttranslational regulation of AChR clustering or turnover in cooperation 

with signaling downstream of the signaling factor agrin (54–57). Further, a role for Nrdp1 in 

myotube development or maintenance has not been described. Nrdp1 abundance and ErbB3 

abundance increase simultaneously, suggesting that Nrdp1 is not primarily acting as a 

negative regulator of ErbB3 in this system.

Rtn4A–mediated sequestration adds a second layer to our understanding of the mechanisms 

contributing to posttranslational regulation of Nrdp1. The Nrdp1 protein is highly labile 

because of its constitutive autoubiquitination and degradation, and modulation of this 

activity can markedly alter Nrdp1 abundance (31). The deubiquitinase USP8 stabilizes 

Nrdp1 in response to NRG1 stimulation by deubiquitinating Nrdp1 and preventing its 

proteasomal degradation, in turn leading to ErbB3 destabilization after ligand stimulation 

(58). A recent study also found that the mitophagy-associated protein Clec16a stabilizes 

Nrdp1 protein by an unknown mechanism (59). Other mechanisms of stabilization likely 

exist to regulate Nrdp1 protein abundance and activity under a variety of circumstances. In 

addition, Nrdp1 may be transcriptionally regulated by the androgen receptor; androgen 

withdrawal during prostate cancer treatment suppresses Nrdp1 expression, leading to 

increased abundance of ErbB3 (60).

Finally, the regulation of ErbB3 abundance and growth factor responsiveness may be only 

one of many cellular responses regulated by Rtn4A–mediated Nrdp1 sequestration. In 

addition to ErbB3 and ErbB4 (12, 61), Nrdp1 has been reported to promote the 

ubiquitination and degradation of a diverse array of proteins involved in cellular regulation, 

including several type 1 cytokine receptors (62–64), the Toll-like receptor signaling adapter 

protein MyD88 (65), the inhibitor of apoptosis domain–containing protein BRUCE (66), the 

nuclear factors retinoic acid receptor (62) and C/EBPb (67), and the E3 ubiquitin ligase 

Parkin (68). Moreover, as a regulator of the stability of key signaling proteins, Nrdp1 could 

play roles in the onset or progression of various disease states that involve ER and cellular 

stresses, including breast cancer (38, 69, 70), prostate cancer (60, 71), colorectal cancer (72–

74), glioblastoma (75, 76), cardiac disease (77, 78), Parkinson’s disease (68), and diabetes 

(59, 79). Thus, further exploration could uncover roles for the Rtn4A–Nrdp1 axis in many 

disease states.

MATERIALS AND METHODS

Reagents

Antibodies recognizing the following proteins were purchased: Rtn4A, Rtn4, Muc4, EGFR 

1005, ErbB3 C-17, and ErbB4 C-18 (Santa Cruz Biotechnology); Rtn1 (Abcam); FLAG M2, 
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actin AC-15, and α-tubulin (Sigma-Aldrich); GFP (Invitrogen); ErbB2 3B5 (EMD 

Biosciences); Nrdp1 0049A (Bethyl); ErbB3 Ab-6 (Fisher); phospho-Akt S473 and 

phospho-Erk1/2 T202/Y204 (Cell Signaling Technology); and phosphotyrosine 4G10 

(Millipore). For ErbB3 detection, C-17 was used for immunoblotting extracts from 

HEK293T and C2C12 cells, and Ab-6 was used for experiments in MCF7 and MCF10AT 

cells and some experiments in HEK293T cells. Horseradish peroxidase-conjugated goat 

anti-mouse, goat anti-rabbit, rabbit anti-goat, and Alexa Fluor 546-conjugated goat anti-

mouse secondary antibodies were purchased from Invitrogen or Bio-Rad. Protein G agarose 

was purchased from Millipore. BFA was purchased from Sigma-Aldrich, 4′,6-diamidino-2-

phenylindole (DAPI) was acquired from Invitrogen, and MG132 was obtained from VWR. 

Trans35 S-label (containing35 S-labeled cysteine and methionine) was purchased from MP 

Biomedicals.

Cell culture

HEK293T, COS7, and C2C12 cell lines were obtained from American Type Culture 

Collection (ATCC) and maintained in 10% CO2 with Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% FBS and 1% penicillin-streptomycin (all from 

Invitrogen). To differentiate C2C12 cells, cells at 90% confluence were changed from 

DMEM plus 10% FBS to DMEM plus 2% horse serum (Invitrogen). MCF10AT cells were 

obtained from the Barbara Ann Karmanos Cancer Institute and grown in MCF10A growth 

medium (80). For Western blots of cells stimulated with human NRG1β, cells were starved 

overnight in DMEM plus 0.1% FBS before treatment with recombinant NRG1β (0.13 

ng/ml) (81) for 3 min.

Constructs, transient knockdown, and transfection

The Nrdp1-FLAG and N-Nrdp1–FLAG constructs have been previously described (12), as 

have the C34S/H36Q mutation of Nrdp1 (11, 31), the coiled-coil deletion mutant (35), and 

the shNrdp1 construct KD1 (13, 38). Rtn1A complementary DNA (cDNA) was purchased 

from ATCC and sub-cloned into pcDNA3.1(+). GFP-Sec61β, GFP-DP1, and GFP-

Rtn4AHD were gifts of the T. Rapoport laboratory (Harvard Medical School) (26). Re-

ticulon domain deletion mutants were subcloned into pAcGFP1-C1 and contain Rtn4A 

amino acids 916 to 1018 (N-cyto), 1017 to 1054 (TM1), 1053 to 1121 (Loop), 1120 to 1151 

(TM2), or 1150 to 1192 (C-cyto). Cells were transfected with the PolyJet reagent (SignaGen 

Laboratories) following the manufacturer’s instructions with equal amounts of each plasmid 

and pcDNA3.1 or pSuper/Scramble as the vector control. siRNA directed toward human 

Rtn4A contained the recognition sequences 5’-ACCCAAAGUU-GAAGAGAAA-3’ (KD1) 

and 5’-GGUAAUUUGUCAACAGUAU-3’ (KD2) and was transfected into cells using 

PepMute reagent (SignaGen Laboratories). Cells were treated with 15 µM siRNA for 5 days 

(MCF10AT and C2C12) or 6 days (MCF7). siRNA directed toward mouse Rtn4A contained 

the sequence 5’-CGAAAGAAGCAGAGGAAAA-3’ and was transfected into cells using 

DharmaFECT 1 reagent (Dharmacon).

Immunoprecipitation and immunoblotting

Treated cells were collected and lysed in buffer containing MG132 (10 µg/ml); 2 mM 

sodium glycerophosphate; aprotinin, pepstatin, leupeptin, and AEBSF (4 µg/ml each); 1 mM 
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sodium fluoride; and 1 mM sodium ortho-vanadate. For autoradiography experiments, cells 

were lysed in radioimmunoprecipitation assay buffer [50 mM tris (pH 7.5), 0.1% SDS, 1% 

NP-40, 0.5% sodium deoxycholate, 150 mM NaCl, 0.5 mM EDTA]. For co-IP experiments, 

cells were lysed in co-IP buffer [20 mM tris (pH 7.5), 150 mM NaCl, 1 mM MgCl2, 1% 

NP-40, 10% glycerol]. Lysates were microfuged at 12,000g for 10 min, 5% of the 

supernatant was saved for the input fraction, and the remainder was incubated with 1 µg of 

primary antibody for 2 hours, followed by addition of protein G agarose beads for 1 hour. 

Beads were washed with lysis buffer, and proteins were released in 2× Laemmli sample 

buffer. For other immunoblotting experiments, cells were treated as indicated, washed with 

phosphate-buffered saline (PBS), and lysed directly in 2× Laemmli sample buffer. All 

samples were resolved by SDS–polyacrylamide gel electrophoresis, transferred to 

nitrocellulose membranes, and blotted with the indicated antibodies. Immuno-blots were 

developed using Pierce SuperSignal West chemicals on an Alpha Innotech imaging station 

and quantified with ImageJ (National Institutes of Health).

Reticulon domain deletion construct co-IPs

Treated cells were lysed in co-IP buffer with protease and phosphatase inhibitors described 

above and microfuged at 12,000g for 10 min, and 5% of the supernatant was saved for the 

input fraction. The remainder was cleared with protein G agarose beads for 2 to 4 hours 

followed by incubation with anti-FLAG M2 affinity beads (Sigma-Aldrich) overnight. Beads 

were washed with co-IP buffer and then with PBS, and Nrdp1-FLAG was eluted with 50 µl 

of FLAG peptide (0.5 mg/ml; Sigma-Aldrich) in PBS for 30 min.

Immunofluorescence microscopy

COS7 cells were seeded onto coverslips; transfected with FLAG-tagged Nrdp1(CHSQ), 

GFP-DP1, or CFP-Rtn4A; fixed with 4% paraformaldehyde; and stained with anti-FLAG 

primary antibody and Alexa Fluor 546– conjugated goat anti-mouse secondary antibody in 

blocking solution (1% bovine serum albumin, 0.02% sodium azide, 0.2% NP-40, 5% goat 

serum). Imaging was conducted using a Zeiss LSM 710 Axio Observer confocal microscope 

and analyzed using ZEN lite software.

Pulse-chase metabolic labeling

Pulse-chase metabolic labeling was carried out as previously described (13). BFA (1 µg/ml) 

was added to cells during both the pulse and chase periods. Nonlinear regression analysis 

was conducted using GraphPad Prism software.

Proliferation and Transwell migration assays

Cells were seeded and treated with siRNA for 3 days and then trypsinized, counted, and 

reseeded for an additional 2 days. For proliferation in full medium, cells were next stained 

with DAPI and counted. For NRG1b–stimulated proliferation, cells were grown in serum-

starved (0.1% FBS) DMEM for 24 hours upon reseeding, treated with NRG1β (0.13 ng/ml) 

for 24 hours, and then stained with DAPI and counted. For Transwell migration assays, cells 

were treated with siRNA for 4 days, at which time cells were seeded in 8-µm pore 

polycarbonate membrane inserts (Corning) in medium containing 0.1% FBS and allowed to 
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migrate for 24 hours toward the lower chamber containing DMEM plus 10% FBS (for 

MCF7 cells) or MCF10A full medium plus 5% horse serum (for MCF10AT cells). Cells 

were fixed and stained with Diff-Quik staining solution (Dade Behring), and migrated cells 

were imaged and counted using an Olympus IX81 inverted microscope with cellSens Entry 

software.

qRT-PCR analysis

RNA was collected using a PureLink RNA Mini Kit (Life Technologies) and converted to 

cDNA with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). 

Quantitative PCR was conducted in a Bio-Rad CFX96 real-time PCR system using Applied 

Biosciences TaqMan primers and probes and Bio-Rad SsoFast master mix. Analysis was 

conducted using Bio-Rad CFX Manager software, and message amounts were normalized to 

glyceraldehyde-3-phosphate dehydrogenase.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The receptor-binding domain of Nrdp1 interacts specifically with the core reticulon 
domain of Rtn4
(A) The Rtn4 and Rtn1 constructs used to map Nrdp1 binding are depicted in this cartoon. 

The core reticulon (Rtn) domains at the carboxyl ends of reticulons 1 and 4 contain two 

predicted hairpin transmembrane sequences (bars), as well as other conserved sequences. 

The A/B region is common to both the A and B isoforms of Rtn4, and both Rtn4A and 

Rtn1A contain a large unique sequence (labeled Rtn4A–specific and Rtn1A–specific). In the 

GFP-RtnHD construct, the core reticulon domain of Rtn4 is fused to GFP (black rhomboid) 
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(26). (B) HEK293T cells were cotransfected with either vector control (vec) or FLAG-

tagged Nrdp1 along with each construct illustrated in (A), as indicated, and treated overnight 

with the proteasome inhibitor MG132 (1.5 µM) to allow Nrdp1 accumulation. Lysates (left 

lanes) were immunoprecipitated (IP) with anti-FLAG (right lanes), and lysates and 

precipitates were blotted with antibodies that recognize FLAG and each of the constructs. 

(C) The FLAG-tagged Nrdp1 deletion constructs used to map binding to Rtn4A are 

illustrated. Nrdp1 consists of an N-terminal RING finger domain, central B-box (BB) and 

coiled-coil (CC) domains, and a C-terminal receptor-binding domain (RBD). The FLAG tag 

is indicated by a black box labeled “F.” (D) HEK293T cells were cotransfected with Rtn4A 

and each of the Nrdp1 constructs or vector control. Lysates from cells treated overnight with 

1.5 µM MG132 were immunoprecipitated with FLAG antibodies, and lysates (left lanes) and 

precipitates (right lanes) were blotted for Rtn4A and FLAG. The arrow indicates the Rtn4A 

band in immunoprecipitates, and dotted lines indicate cropping to remove extraneous lanes 

from this single-exposure blot. (B) and (D) are representative of at least three independent 

experiments each.
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Fig. 2. Rtn4A interferes with Nrdp1-mediated ErbB3 degradation
(A) HEK293T cells were cotransfected with each of the human ErbB family members 

shown at the bottom of the blot along with either empty vector (−) or vector containing 

Rtn4A (+). Lysates were blotted for ErbB receptors, Rtn4A, and actin. (B) Five independent 

experiments such as that illustrated in (A) were quantified, and the fold accumulation of 

each ErbB receptor in the presence of Rtn4A relative to its abundance in the absence of 

Rtn4A was plotted. (C) Cells were cotransfected with ErbB3 along with either empty vector 

or vector containing Rtn4A, plus either scrambled control shRNA (shScr) or the Nrdp1-
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directed shRNA KD1 (13), as indicated. Lysates were blotted with antibodies recognizing 

ErbB3, Rtn4A, and tubulin. (D) Eight independent experiments such as that illustrated in (C) 

were quantified, and the fold change in ErbB3 abundance in response to the various 

conditions was plotted. (E) HEK293T cells were cotransfected with ErbB3 along with 

Rtn4A, Nrdp1-V5, or GFP-DP1, as indicated, and lysates were blotted with antibodies 

recognizing ErbB3, V5, Rtn4A, GFP, and tubulin. (F) Three independent experiments such 

as that illustrated in (E) were quantified, and the relative effects of the various conditions on 

ErbB3 abundance were plotted. (G) HEK293T cells were co-transfected with Rtn4A 

together with Nrdp1-FLAG, ErbB3, or both, as indicated. Lysates (left lanes) from cells 

treated overnight with 1.5 µM MG132 were immunoprecipitated with antibodies recognizing 

ErbB3 (right lanes), and lysates and precipitates were blotted with antibodies recognizing 

Rtn4A, FLAG, and ErbB3. Data are representative of three independent experiments. *P < 

0.05; ***P < 5 × 10−5; n.s., not significant by Student’s t test.
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Fig. 3. Rtn4A depletion destabilizes endogenous ErbB3 and Nrdp1
(A) MCF7 (left lanes) and MCF10AT (right lanes) cells were treated with either scrambled 

control siRNA (Scr) or siRNA targeting Rtn4A (KD1 and KD2). Lysates were 

immunoblotted to show ErbB3, Nrdp1, and actin. (B) Four independent experiments such as 

that illustrated in (A) were quantified, and the fold change in ErbB3 and Nrdp1 protein 

abundance was plotted for each siRNA. (C) C2C12 myotubes were differentiated for 4 days. 

Lysates were immunoblotted to show Rtn4A, ErbB3, Nrdp1, and tubulin. (D) Four 

independent experiments such as that illustrated in (C) were quantified, and the fold change 

Hatakeyama et al. Page 20

Sci Signal. Author manuscript; available in PMC 2017 August 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the abundance of Rtn4A, ErbB3, and Nrdp1 proteins from day 0 to 4 was plotted. (E) 

NRDP1 and ERBB3 transcript abundance in three independent experiments was determined 

by qRT-PCR in differentiating C2C12 myotubes. (F) Lysates from C2C12 myoblasts treated 

with scrambled control siRNA or siRNA targeting mouse Rtn4A (Rtn4A KD) before 

differentiation were immunoblotted for Nrdp1, ErbB3, and tubulin. (G) Six independent 

experiments such as that illustrated in (F) were quantified, and the fold change in Nrdp1 and 

ErbB3 protein abundance was plotted. *P < 0.05; **P < 5 × 10−3; ***P < 5 × 10−5 by 

Student’s t test.
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Fig. 4. Rtn4A–mediated stabilization of ErbB3 occurs in the ER
HEK293T cells were cotransfected with ErbB3 along with empty vector control or Rtn4A, 

as indicated. (A) Cells were treated with BFA (1 µg/ml) for 0, 3, or 7 hours, and lysates were 

immunoblotted with antibodies recognizing ErbB3, Rtn4A, and tubulin. Data are 

representative of three independent experiments. The arrow indicates the ER-associated 

immature form of ErbB3 (13). (B) Cells were metabolically pulse-labeled for 2 hours 

with 35S-labeled methionine and cysteine and chased with nonlabeled amino acids in the 

absence or presence of BFA (1 µg/ml) for the indicated times. Lysates (bottom) were 

immunoprecipitated with anti-ErbB3 (top) and analyzed by autoradiography and 

immunoblotting with antibodies recognizing Erb3 and Rtn4A. (C) The radioactivity 

associated with the ER-associated immature ErbB3 bands [arrow in (B)] from three 

Hatakeyama et al. Page 22

Sci Signal. Author manuscript; available in PMC 2017 August 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



independent pulse-chase experiments was quantified and plotted. Curves show the fits of 

average values to an exponential decay function. *P < 0.05 by nonlinear regression.
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Fig. 5. Rtn4A recruits Nrdp1 to ER tubules
COS7 cells were cotransfected with plasmids encoding FLAG-tagged Nrdp1(CHSQ) and 

GFP-DP1 or CFP-Rtn4A, or with all three, as indicated. After 12 hours, the cells were fixed, 

stained, and imaged to show the FLAG epitope (red), CFP, and GFP. Scale bars, 10 µm. Data 

are representative of three independent experiments.
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Fig. 6. Rtn4A promotes breast cancer cell proliferation and migration
MCF7 and MCF10AT cells were treated with either scrambled control siRNA or siRNA 

targeting Rtn4A. (A) MCF7 (left lanes) and MCF10AT (right lanes) cells were serum-

starved in growth medium plus 0.1% FBS overnight and treated with NRG1β (0.13 ng/ml) 

for 3 min. Lysates were immunoblotted for phosphotyrosine (pY), phospho-Akt (pAkt), 

phospho-Erk (pErk), and actin. (B) Four independent experiments such as that illustrated in 

(A) were quantified, and the fold difference in phosphorylated protein was plotted for each 

siRNA relative to scrambled control. (C) MCF7 (upper) and MCF10AT (lower) cells were 

grown for the indicated times. The average number of cells normalized to scrambled control 

from three independent experiments is shown. (D) MCF7 and MCF10AT cells were serum-

starved in growth medium plus 0.1% FBS overnight and then treated with NRG1β (0.13 

ng/ml) for 24 hours. The average cell number normalized to scrambled control from three 
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independent experiments is shown. (E) Migration of MCF7 and MCF10AT cells over 24 

hours in a Transwell assay was measured. The average migration normalized to scrambled 

control over four independent experiments is shown. *P < 0.05; **P < 5 × 10−3; ***P < 5 × 

10−6 by Student’s t test.
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Fig. 7. Rtn4A regulates ErbB3 through sequestration of Nrdp1
(A) In the presence of Rtn4A, Nrdp1 relocalizes from ER sheets to interact with Rtn4A in 

ER tubules. Nrdp1 sequestered in ER tubules is unable to mediate the degradation of itself or 

ErbB3, allowing the receptor to exit ER sheets, mature, and traffic to the plasma membrane 

where it responds to NRG to promote cell growth and survival. (B) When Rtn4A is depleted, 

Nrdp1 is free to interact with ErbB3 in ER sheets, leading to the proteasomal degradation of 

newly synthesized ErbB3, thus decreasing cell growth and survival. The ER tubule structure 

may be maintained by other structural proteins such as DP1.
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